The gram-negative bacterium Yersinia pestis, the aetiological agent of bubonic plague, is one the deadliest pathogens known to man. Despite its historical reputation, plague is a modern disease which annually afflicts thousands of people. Despite all of our medical advances, we still do not have a vaccine for bubonic plague. Recent discoveries of antibiotic resistant strains of Yersinia pestis coupled with the threat of plague being used as a bioterrorism weapon compel us to develop new tools for studying the physiology of this deadly pathogen. Using our theoretical model, we can study the cell's phenotypic behavior under different circumstances and identify metabolic weaknesses which may be harnessed for the development of therapeutics. Additionally, the automatic identification of cryptic genes expands the usage of genomic data for pharmaceutical purposes.
Introduction
The "black death" pandemic that ravaged Europe between the 14 th to 16 th centuries is the most infamous outbreak of pestilence in history. Within a short five-year period . Between 1990 to 1995, the Democratic Republic of Congo, Tanzania and Zimbabwe alone reported 4939 cases of plague 5 . Hence, the recent reports of antibiotic resistant strains of YP [6] [7] [8] are cause for great alarm.
Over the past decade, the revolutionary advances in high-throughput technologies and computational approaches have led to the inception of systems biology, which aims to transform microbiology from a science which focuses on one specific cellular process or pathway, to one that the biology of the system as a whole is examined. To achieve this goal, genome-scale models of metabolism have been developed using constraintbased approaches with flux-balance analysis (FBA) being the most widely used method. FBA's success originates from the fact that, unlike kinetic models, FBA only seeks to identify optimal metabolic steady-state activity patterns that satisfy constraints imposed by mass balance, the metabolic network structure, and the availability of nutrients. The most common objective function (cellular task to be optimized) is that of growth, although other choices are possible depending on the selective environment of the cell 9 . FBA has been applied to several genome-scale models [10] [11] [12] [13] [14] with great success. Additionally, FBA has been used to examine a range of topics from the global organization of metabolic fluxes 15 to the effect of genetic knockouts 16 and the discovery of novel regulatory interactions 17 . However, the overall process of system building is still highly labor intensive and requires extensive human curation to generate high-fidelity models.
Here 
Results

Metabolic network reconstruction
The Yersinia pestis model iAN818m is based on the sequenced genome of 
Meiotrophy
In the 1950s, it was realized that Yersinia pestis is a meiotrophic organism 23 , and thus, its genome is replete with cryptic genes. Cryptic genes are not transcribed by a cell under normal conditions, and are not critical for its proper functioning. However, these genes may be activated through mutations when a cell's environment has been perturbed such that their activity becomes crucial for cellular survival 24, 25 . While cryptic genes do not confer direct (positive) contributions to the fitness of a cell, they serve a crucial role in the survival of a species by endowing the organism with an endogenous genetic reservoir that enhances its adaptive capability 25 . Theoretical studies have shown that the loss or degradation of cryptic genes from a microbial population is very rare, and that these genes may remain in a genome as long as selection for their reactivation occurs occasionally 26 .
The activation of cryptic genes during periods of natural selection has been reported in a number of bacteria. For example, the mutational activation of the bgl operon enables some organisms to survive on an assortment of β-glucosides [27] [28] [29] .
In
Escherichia coli, the mutational reversal of a frameshift in the ilvG gene leads to expression of an α-acetohydroxyacid synthase isozyme which is not susceptible to feedback inhibition by valine 30 . Similarly, mutations in the citA and citB genes of E.
coli provide the cell with the capability to utilize citrate as the sole carbon source 31 .
Since the metabolic potential of cells is enhanced by the activation of cryptic genes, the identification and targeted utilization of these genes has a significant potential for industrial and pharmacological benefits.
In YP, meiotrophy has been observed in the biosynthetic pathways of glycine/threonine 32, 33 , L-valine and L-isoleucine 34 , L-phenylalanine 32 , and Lmethionine 23, 32 as well as fermentation of melibiose 35 , rhamnose 36 , and in the urease pathway 37 . Consequently, our base-reconstruction predicts that none of these substrates are critical for growth since their metabolic capability is ostensibly present in the annotated genome. For melibiose and rhamnose, the base-reconstruction is in agreement with experiments due to the fact that strain 91001 is different from most YP strains by being capable of utilizing these two carbohydrates as carbon sources 18 .
To systematically identify candidate cryptic genes responsible for the observed meiotrophy in YP, we have developed the CryptFind approach that screens all available genes (see Methods). The complete list of candidate cryptic genes responsible for observed meiotrophic behavior in YP metabolism is given in Table 2 .
In agreement with previous studies that have classified pheA, metB, and ureD as cryptic genes 38 , our approach identified these among the few candidate cryptic genes in their respective pathways. Although strain 91001 is melibiose and rhamnose positive 18 , we determined a number of candidate genes that in other strains of YP could be cryptic for these pathways. In particular, gene YP1470, which translates into melibiose carrier protein MelB, has previously been designated as a cryptic gene 18 .
In case of rhamnose, we identify the candidate genes to be rhaT (L-rhamnose proton symport protein), rhaA (L-rhamnose isomerase; EC 5.3.1.14), tpiA (triose phosphate isomerase; EC 5.3.1.1), and betB (betaine-aldehyde dehydrogenase; EC. 1.2.1.8).
Based on Englesberg's 39 observation that rhamnose positive mutants do not fully oxidize rhamnose and excrete small amounts of lactaldehyde into the medium, we suggest that betB is the likely cryptic gene. In response to these findings, we have augmented the model and ensured that the end products of the identified meiotrophic pathways in strain 91001 are inactive when we simulate the normal state (wild type) of our model.
To further emphasize the utility of CryptFind, we have analyzed the arabinose fermentation pathway known to be inactive in strain 91001 18 . While it is known that meiotrophy is unlikely for this pathway due to a significant frameshift caused by a 122 basepair deletion in araC 18 , CryptFind may still be used to identify candidate genes responsible for known, or hypothesized, pathway deactivations (see Table 2 ).
We note that pseudogene araC is among the short list of candidate genes identified by
CryptFind.
Nutrient requirements and metabolic efficiency
In order to determine the wild type YP's minimum nutritional requirement, we allowed for the import of all possible sources of carbon, oxygen, nitrogen, phosphate and sulfur. Our results indicate that optimal cellular growth requires a carbon, sulfur and phosphorus source. The sulfur requirement can be satisfied either by sulfate, thiosulfate or L-cysteine. The cell also has an obligate requirement for the amino acids isoleucine, valine, methionine, and either glycine or threonine. The only obligate amino acid that is not part of the metabolic pathways is methionine, which is only imported and directly incorporated into cellular biomass. Consequently, we constrain growth in the YP model by limiting the methionine transport to a maximal rate that corresponds to the experimentally reported doubling time of two hours 40, 41 .
Based on these observations, we used a medium composed of gluconate, phosphate, thiosulfate, methionine, phenylalanine, isoleucine, valine and glycine as a "minimal"
(MIN) growth medium for the wild type YP simulations. For simulating the cell's growth in a nutritionally ideal environment, we used the TMH medium 42 .
The YP metabolism has previously been characterized as highly inefficient, with only 58% of the carbon imported into the cell as glucose being assimilated into biomass 43 .
A suggested reason for this inefficiency is that YP lacks one of the primary means by which bacteria silence their pseudogenes 44 . This deficiency could lead to a significant amount of metabolic capability being wasted on expression and degradation of genes that no longer code for proper functions. Figures 2 and 3 demonstrate that the reconstructed metabolic network also is highly carbon-inefficient, with a large amount of the imported carbon being wasted in all studied conditions. In Figure 3 , we show the model-predicted utilization of the central carbon metabolism using either glucose or gluconate as the carbon source in a nutrient rich aerobic medium. In rich media, via deamination, some of the imported amino acids can serve as a carbon source. For example, as shown in We find that the YP metabolism is considerably more carbon efficient in the presence of oxygen than in anaerobic environments (see Figure 2) . According to the stoichiometry of YP's oxidative phosphorylation, the P/O ratio for NADH in our model can vary from 0.66 to 2. The stoichiometry of proton import in YP via oxidative phosphorylation is similar to that of E. coli: YP, like E. coli, possesses both NDH-I and NDH-II types of NADH dehydrogenase enzyme 47 . Furthermore, the cytochrome complement of both organisms consists of cytochrome bd and cytochrome o. Protein BLAST analyses verify that there is a high degree of similarity (ranging from 65% to 86%) between the subunits of cytochromes of YP and E. coli.
Based on this resemblance and because of a dearth of studies into the mechanism of oxidative phosphorylation in YP, we have used the stoichiometric coefficients from the electron transport mechanism of a published model of E. coli 11 . The calculated P/O ratios for our simulations are reported in Table 3 .
While experiments have shown that the growth of YP is robust immediately following the incubation in a glucose-rich medium; as the metabolic byproducts accumulate, glucose is no longer a suitable carbon source due to rapid acidification of the extracellular medium 34 . Experimentally, this challenge is overcome by the use of gluconate as primary carbon source 48, 49 . As can be seen from Table 3 and Figure , the model predicts that the presence of CO 2 and/or bicarbonate potentially improves cellular growth (see Table 3 ).
Metabolic robustness
Genome-scale theoretical models present a powerful tool for the analysis of a cell's strengths and vulnerabilities. While it is becoming a standard procedure to conduct large-scale experimental single-gene knockout screens for organisms such as E. coli In MIN, over 80% of the extra SGKOs (in comparison to TMH) are involved in the production of amino acids that are obligatory for cellular growth. These amino acids are available in TMH, and the removal of their biosynthetic genes has no effect on cellular growth. Other lethal SGKOs are involved in the production of cell envelope material as well as necessary intermediates of the pentose phosphate pathway. In particular, the evolutionary loss of glucose 6-phosphate dehydrogenase (Zwf) in YP eliminates the primary path for production of pentose precursors of a number of critical pathways 34 . Consequently, any perturbation of the alternate (and nonredundant) pathways for production of these compounds can halt cellular growth. 
Discussion
To ensure a high level of accord between publicly available experimental observations and model predictions, we had to make certain that all non-functional metabolic reactions were silenced. Given the fact that YP is a meiotrophic organism, and thus, its genome contains multiple cryptic genes, we needed to develop a method to identify these genes and correctly encode their activity in the model. Our method involves comparing single-gene knockouts for a number of select environmental conditions, extracting from this collection the few genes that can act as cryptic genes.
An inspection of our results (see Table 2 ) shows that the model accurately identifies known genes responsible for a phenotypic behavior among the short list of candidate genes in all tested cases. Use of our methodology could serve as a powerful tool in enhancing the process of genome annotation, development of theoretical models, and design of experiments.
Gene reduction analysis of YP has shown that its genes are being inactivated or deleted under selective pressure, and that this process is likely related to the interaction of the bacterium with the nutrient rich medium in the host 51 . We used the genome-scale model to study the metabolic characteristics and cellular robustness of YP. We note that its metabolic needs differ significantly from those of its However, an examination of our SGKO and SLM results corroborate the assertion that, compared to YPS, YP is more dependent on the host medium to provide its nutritional requirements. Some of the ubiquitous critical knockouts of YP are associated with import of obligatory nutrients, such as phenylalanine and methionine whose import from the host medium are not need by YPS.
As is characteristic of parasitic relationships, it has been noted that the metabolism of YP is very inefficient 43 . Our model simulations (see Figure 2 and Table 3) pseudotuberculosis.
Methods
Reconstruction of the metabolic network
Our Yersinia pestis model iAN818m is based on the annotated genome of strain 91001 18 that has been deposited on the KEGG website. Our model was extensively hand-curated to ensure compliance with experimental observations, accounting for the activity of 818 of the 1146 metabolism related genes (71%) in the genome. The translated proteins from these genes catalyze 969 metabolic reactions.
From an extensive literature search and analysis of observed metabolic capabilities, we added 37 reactions that are associated with orphan enzymes (see Table 1 ) in addition to 14 non-enzymatic reactions. When there was a conflict between experimental observation and genomic annotation, the experimental observation took precedence. A list of characteristics of the model is given in Table 1 , and a complete list of the reactions has been included in the Supplementary Material.
The biomass equation was developed using a variety of data sources: The amino acid 53 and phospholipid [54] [55] [56] composition of the biomass are unique to YP. We assumed that the nucleotide composition and the maintenance ATP usage are similar to that of YP's close relative (89% DNA sequence similarity) Escherichia coli 57 and is set to 7.6. A variation of this value has negligible impact on the calculated carbon efficiency (Supplementary Material). The composition for the remaining cofactors and small molecules are taken from the reported composition of prokaryotes 58 .
The primary growth-determining constraint placed on the import of nutrients is an upper limit for the import of the obligate amino acid methionine. The metabolism of this nutrient is simple, i.e., it is imported and directly incorporated into the biomass.
By setting an appropriate upper limit on the import of this nutrient we ensure that the growth of YP agrees with observed doubling times. Additionally, we blocked the import of NH 4 + based on observations that most strains of YP fail to show significant growth in presence of NH 4 Cl as the sole source of nitrogen 33 , the ammonium transport facilitator gene (amtB) is strongly down-regulated at 37ºC 59 , and finally, the fact that concentration of this compound is very small in the mammalian host. Two distinct culture media were used for all our simulations. The "minimal" medium contained gluconate, phosphate, glycine/threonine, phenylalanine, methionine, and thiosulfate. For a nutritionally rich environment which would be ideal for cellular growth, we used the TMH medium 42 .
Flux Balance Analysis (FBA)
FBA is based on representing all known metabolic reactions of an organisms by the conditions. Cell growth in nutrient rich or poor media is marked by filled or empty symbols, respectively. H + production is normalized to that in glucose aerobic medium. Carbon efficiency is defined as the ratio of imported carbons from the specified source to carbons incorporated in biomass. 
